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ABSTRACT
The l i n e  shape o f  an ammonia m aser,  based  on th e  p r i n c i p l e  
o f  Ramsey s e p a r a t e d  o s c i l l& t o r y  f i e l d s ,  has been i n v e s t i g a t e d  w i th  
a  c a v i t y  system  employing a TE mode o f  o s c i l l a t i o n .  Two p l a u s i b l e  
e x p la n a t io n s  a re  g iven  f o r  th e  l i n e  shape o bserved  a l th o u g h  no 
p o s i t i v e  c o n c lu s io n s  a re  re a c h e d .
i i
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PREFACE
In 1954 Gordon, Z eiger  and T o w n e s o b t a i n e d  o s c i l l a t i o n s  
in  th e  microwave r e g io n  th ro u g h  th e  s t im u la te d  emmission o f  r a d i a ­
t i o n ,  from  th e  ammonia m o lecu le .  S ince  t h a t  t im e many a t te m p ts  
have been made to  a p p ly  th e  n a rrow  l i n e s  in  th e  in v e r s io n  spec trum  
o f  ammonia to  use as  f req u en cy  s t a n d a r d s .  In  th e  maser t h e  w id th  
o f  th e  emmission l i n e  depends upon th e  tim e o f  i n t e r a c t i o n ,  o f  
th e  ammonia beam, w i th  th e  f i e l d  t h a t  s t im u la t e s  th e  em is s io n .
In  1962, H o lu j ,  K a lra  and D a a m s s u c c e e d e d  in  re d u c in g  th e  l i n e  
w id th  by u s in g  a c a v i t y  system , o s c i l l a t i n g  in  a TM mode, w hich 
produced  th e  e f f e c t s  o f  Ramsey s e p a r a te d  o s c i l l a t i n g  f i e l d s .  In  
t h i s  ex p e r im en t a s i m i l a r  system  was u se d ,  employing a TE mode o f  
o s c i l l a t i o n .
In  t h e  fo l lo w in g  th e  n e c c e s s a ry  th e o ry ,  f o r  th e  
u n d e rs ta n d in g  o f  t h e  ammonia m aser,  i s  f i r s t  d ev e lo p ed ,  th e n  th e  
d e t a i l s  and th e  r e s u l t s  o f  th e  experim en t a r e  g iv e n .
i l l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGEMENTS 
I  should  l i k e  to  e x p re s s  ny g r a t i t u d e  to  D r. F ran k  H o lu j  
f o r  h i s  a b l e  s u p e r v i s io n  and to  Mr. W. Grewe f o r  h i s  a s s i s t a n c e  
in  overcoming th e  m echanica l problem s in v o lv e d  in  t h i s  ex p e r im en t .
I  w ish  a l s o  t o  acknowledge th e  f i n a n c i a l  a i d  ex tended  to  
me by th e  P ro v in c e  o f  O n ta r io ,  in  th e  form o f  a  b u r s a r y .
i v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ABSTRACT i i
PREFACE i i i
ACKNOWLEDGEMENTS i v
LIST OF FIGURES v i
CHAPTER I  -  THEORY OF THE AMMONIA MOLECULE
R o ta t i o n a l  Spectrum  o f  Ammonia 1
I n v e r s io n  Spectrum  o f  Ammonia 2
H yperf ine  S t r u c t u r e  in  th e  In v e r s io n
Spectrum o f  Ammonia 8
CHAPTER I I  -  AN AMMONIA BEAM AS A TWO LEVEL SYSTEM
S ta t io n a r y  S t a t e s  o f  an Ammonia Beam 12
An Ammonia Beam i n  an E l e c t r i c  F i e l d  13
An Ammonia Beam i n  a Time Dependent
E l e c t r i c  F i e l d  16
An Ammonia Beam in  S e p a ra te d  O s c i l l a t i n g
E l e c t r i c  F ie ld s  17
CHAPTER I I I  -  THEORY OF THE AMMONIA MASER 21
CHAPTER IV _ APPARATUS
I n t r o d u c t io n  27
Sources  27
S ta t e  S e le c to r s  29
C a v i ty  System 29
E l e c t r o n i c s  33
Vacuum System 36
c h a p te r  V -  EXPERIMENTATION AND RESULTS 37
CHAPTER VI -  DISCUSSION 41
REFERENCES 44
VITA AUTORIS 45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
F ig u re  Page
1. Ammonia m o lecu le .  3
2 . R o ta t io n a l  energy  l e v e l s  o f  ammonia. 3
3. P o t e n t i a l  e x p e r ie n c e d  by n i t r o g e n  in  ammonia. 4
4 .  P a r a b o l i c  p o t e n t i a l  w i th  b a r r i e r .  6
5 . Ammonia c o u p l in g  scheme, h y p e r f in e  energy  l e v e l s ,
and r e l a t i v e  i n t e n s i t i e s  o f  h y p e r f in e  com ponents. 10
6. T r a n s i t i o n  p r o b a b i l i t y  c u rv e s .  19
7 . TE c a v i t y  system . 23
8 . Superim posed Ramsey t r a n s i t i o n  p r o b a b i l i t i e s ,
f o r  h y p e r f in e  com ponents. 26
9. O u t l in e  o f  a p p a r a tu s .  28
10. S t a t e  s e l e c t o r s .  30
11. C av i ty  f req u en cy  measurement. 32
12. Block d iag ram  of  e l e c t r o n i c s .  34
13. Line shape o f  ammonia m ase r .  39
14. Line shape w i th  and w i th o u t  s h u t t e r .  40
V I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I
THEORY OF THE AMMONIA M3LECULE
R o t a t i o n a l  Spectrum o f  Ammonia
Tk® NHg m olecule  i s  a sym m etric to p .  I t  i s  in  th e  form  
o f  a pyramid whose base  i s  formed by th e  t h r e e  hydrogen a tom s, and 
whose apex i s  formed by th e  n i t r o g e n  atom. The t h r e e  hydrogen atoms 
form  an e q u i l a t e r a l  t r i a n g l e  and th e  d i s t a n c e  between th e  N i t ro g e n
.a d  each  of t h e  Hydrogens i s  th e  same.
R o ta t io n s  o f  t h i s  m olecule  can be d e s c r ib e d  as f o l lo w s .
The ^ .c lecu la r  o r  & a x is  i s  chosen as shown 3n F ig u re  ( l ) .  This 
a x i s  i s  a t h r e e - f o l d  a x i s  o f  symmetry. The moment o f  i n e r t i a  about 
th e  z a x i s  i s  u s u a l l y  deno ted  by Ij^ and th e  moment o f  i n e r t i a  abou t 
any a x is  norm al to  th e  z a x i s  i s  d eno ted  I g ,  Where th e  x and y
axes a re  chosen a r b i t r a r i l y .  I f  th e  m olecule has an a n g u la r  momentum,
P ,  in  an  a r b i t r a r y  d i r e c t i o n ,  th e  r o t a t i o n a l  energy  i s  g iven  by;
A ccording  to  Quantum Mechanics P must be r e p la c e d  by
where J  i s  th e  a n g u la r  momentum quantum num ber, and i t s  p r o j e c t i o n  
in  th e  % d i r e c t i o n ,  P ^ ,  i s  r e p la c e d  by; JSi where K assumes v a lu e s
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- 0 . . . . . . .  J ,  Eq. ( l )  can  be w r i t t e n ;
-  J ( J  -t l ) h ^  / h.2 _  h% ] f s
Str ^i 'b ' '
S u b s t i t u t i n g  . B=LÈl_  i n t o  Eq. (2) y i e l d s .
H i  B J ( J  +  1) 4- (A -  B)K^. (3)
For ammonia th e  v a lu e s  of A and B a r e . (1)
A = 189 X lO'^^mo. , B =  298 X” lO^mo.
The e x p e c te d  r o t a t i o n a l  en e rg y  l e v e l s  a re  shown in  F ig .  (2) 
For a t r a n s i t i o n  betw een l e v e l s  w i th  d i f f e r e n t  J  v a l u e s ,  a s e l e c t i o n  
r u l e  AK  = 0 i s  r i g o r o u s l y  obeyed because  th e  r e s u l t a n t  d ip o le  
moment i s  a long  th e  z a x i s .  For a  d ip o le  t r a n s i t i o n ,  th e  s e l e c t i o n  
r u l e  A  J  = 0 ,  ± 1  h o ld s ,  hence th e  f r e q u e n c i e s  o f  th e  r o t a t i o n a l  
s p e c t r a  a r e  g iven  by;
y = 2 B ( j +  1 ) .
I n v e r s io n  Spectrum  o f  Ammonia
The ene rgy  l e v e l s  betw een w hich th e  maser a c t io n  o c c u r s ,  
a r e  th o s e  due t o  i n v e r s i o n .  The ammonia m olecule can be found 
w i th  th e  n i t r o g e n  on e i t h e r  s i d e  o f  th e  p la n e  formed by th e  
h y d ro g en s .  The p o t e n t i a l  a c t i n g  on th e  n i t r o g e n  atom, in  ammonia, 
a long  th e  symmetry a x is  i s  p l o t t e d  in  F ig u re  ( 3 a ) ,  as a  f u n c t io n  
o f  s ,  th e  d i s t a n c e  from th e  p la n e  formed by the  hydrogen atom s,
F ig ,  (3b) shows th e  v i b r a t i o n a l  ene rgy  l e v e l s  o f  th e  n i t r o g e n  atom .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
z - a x is
H
F ig u re  (1), The ammonia m olecu le  w i th  m o le c u la r  (z )  a x i s  i n d i c a te d .
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F ig u re  (2 ) .  R o ta t io n a l  en e rg y  l e v e l s  deno ted  by  quantum 
numbers J  and K.
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F ig .  (3i). P o t e n t i a l  e n e rg y  f o r  n i t r o g e n  a lo n g  z - a x i s  o f  ammonia where 
s r e p r e s e n t s  th e  d i s t a n c e  from  th e  hydrogen p la n e  and 7  th e  po ten ­
t i a l  i n  l / c m .  ( b ) shows t h e  v i b r a t i o n a l  en e rg y  l e v e l s  i n  th e  low er 
p o r t i o n  o f  curve ( a ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The low er l e v e l s  a re  d o u b le d ,  as w i l l  be e x p la in e d  be low , and i t  
i s  betw een th e  two l e v e l s  o f  th e s e  doubled  l e v e l s  t h a t  th e  i n v e r ­
s io n  t r a n s i t i o n s  o c c u r .
The in v e r s io n  t r a n s i t i o n s  can  be u n d ers to o d  q u a l i t a t i v e l y  
as  f o l lo w s .  C onsider  an atom in  th e  p o t e n t i a l  d e p ic te d  in  F i g .  ( 4 a ) .  
The v i b r a t i o n a l  energy  l e v e l s  a re  e v e n ly  spaced ,  t h e  spac ings  
c o r re sp o n d in g  \ t o  t r a n s i t i o n s  in  th e  in fra re d .  <, TWnea h a a ,  shown 
t h a t  f o r  even X th e  ground s t a t e  v i b r a t i o n a l  wave f u n c t i o n  i s  even 
w h i le  t h a t  o f  th e  f i r s t  e x c i t e d  s t a t e  i s  odd. The r e v e r s e  i s  t r u e  
f o r  K o d d . ( ^ )  These wave f u n c t io n s  a re  shovm in  F ig .  ( 4 b ) ,  Upon 
th e  i n t r o d u c t i o n  o f  a  p o t e n t i a l  b a r r i e r ,  th e  wave f u n c t io n s  r e t a i n  
t h e i r  symmetry, b u t  t h e  energy  l e v e l s  a re  m o d if ie d .  This s i t u a t i o n  
i a  i l l u s t r a t e d  i n  F ig .  4 (c )  and ( d ) .  In  ammonia th e  ene rgy  
d i f f e r e n c e  between th e  two lo w e s t  v i b r a t i o n a l  energy  l e v e l s  i s  in  
th e  microwave r e g io n .  T r a n s i t i o n s  between th e s e  two l e v e l s  a re  
r e f e r r e d  t o  as in v e r s io n  t r a n s i t i o n s .
I f  th e  wave f u n c t io n s  co rre sp o n d in g  to  th e  f i r s t  two 
v i b r a t i o n a l  energy  l e v e l s  a r e  ^  j  and and th e  e n e rg ie s
a s s o c i a t e d  w i th  them a re  Wj; and Wj+-A ,  r e s p e c t i v e l y  th e  tim e depen­
dence o f  th e  wave fu n c t io n s  i s  g iven  by
a '
L e t  th e  wave f u n c t io n  c o r re sp o n d in g  t o  th e  lo w es t  s t a t e  o f  s im ple  
harmonic o s c i l l a t i o n  w i th  th e  n i t r o g e n  t o  th e  l e f t  be d eno ted  by 
U^, and t h a t  f o r  th e  n i t r o g e n  on th e  r i g h t  by U^, The t r u e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6(b)
H
I
F ig .  ( 4 ) ,  (a) P a r a b o l i c  p o t e n t i a l  w e l l  w i th  v i b r a t i o n a l  en e rg y  l e v e l s
inaicateü* (b) Wuvo functiona for the two lowest energy levels
in  th e  p o t e n t i a l  o f  : ( a ) . (c ) Change o f  v i b r a t i o n a l  en e rg y  l e v e l s  
when a p o t e n t i a l  b a r r i e r  m o d if ie s  a p a r a b o l ic  p o t e n t i a l  w e l l ,
(d) Wave f u n c t io n s  f o r  m od if ied  p o t e n t i a l  w e l l .
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m o le su la r  wave f u n c t i o n s ,  w hich have a d e f i n i t e  e n e rg y ,  must he 
e i t h e r  sym m etric o r  a n t i - sy m m e tr ic  w i th  r e s p e c t  t o  i n v e r s i o n .
Thus th e  wave f u n c t io n s  c o r re sp o n d in g  t o  th e  upper and lower 
l e v e l s  o f  th e  lo w es t  v i b r a t i o n a l  d o u b le t  must b e :
Î I I  ^
(4 )
$  I  = ?  Ug) .
I f  a t  t im e t  =  0  th e  n i t r o g e n  i s  found on th e  l e f t  s i d e ,  th en
th e  wave f u n c t io n  i s ,
Ï  “  7 %  ( Î I  +  î^ ip )  =
At some tim©^ t .  l a t e r j  th e  wave, f u n c t io n  becomes; 
which a t  a time t  = becomes;
Hence th e  n i t r o g e n  has moved t o  th e  r i g h t  s i d e .  For a tim e
t  <( ) Y  . may be expanded to  y i e l d ^
CJo
(5)
ii - .
Thus th e  am p litude  o f  th e  wave f u n c t io n  on th e  r i g h t  has grown by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
iX. ©Kctoï*- .bf :
COob
( 6 )
This measures t h e  r a t e  a t  w hich th e  wave fu n c t io n  p e n e t r a t e s  th e  
p o t e n t i a l  b a r r i e r  in  term s o f  60o o
The p e n e t r a t i o n  can be r e l a t e d  t o  th e  b i b r a t i o n a l
f re q u e n c y ,  in  th e  fo l lo w in g  maamcr. An approx im ate  s o lu t i o n
to  Schroedinger® s e q u a t io n  i n  th e  r e g io n  o f  th e  boundary  y i e l d s  th e
e x p r e s s io n ^ ^ l )
g ^ 2 / ( ( v ( s )  .  ds
w hich d en o te s  th e  am p li tu d e  t r a n s m i t t e d  th rough  th e  b a r r i e r  when 
th e  n i t r o g e n  s t r i k e s ' i t .  I n  a t im e t  t h e  n i t r o g e n  s t r i k e s  the
b a r r i e r  — t i m e s , t r a n s m i t t i n g  an am p litude  ukv—
4 2 7TA*
This may be equa ted  t o  e x p re s s io n  (6 )  t o  y i e l d  th e  in v e r s io n
f re q u e n c y :
C J ,=
rrAT
H yperf ine  S t r u c t u r e  in  t h e  I n v e r s i o n  S p e c tr u m  o f  Ammonia
In  th e  p ro ceed in g  a n a l y s i s  th e  h y p e r f in e  s t r u c t u r e  o f  
th e  in v e r s io n  l e v e l s  due t o  th e  sp in  o f  th e  n i t r o g e n  and hydrogen 
n u c l e i  was n e g l e c t e d .  The e f f e c t  o f  t h i s  c o u p l in g  between th e
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n u c l e a r  s p in  o f  th e  n i t r o g e n  atom, I j j ,  and th e  a n g u la r  momentum J  
must be c o n s id e r e d .  Of th e s e  th e  most i n p o r t a n t  i s  th e  e l e c t r i c  
quad rupo le  c o u p l in g  te rm ^ ^ ) .
(7)
f ï  (j", 1%) = '  3) -  1) J ( J  + 1)
^ 2 ( J  -  1 ) ( 2 J  + 3) 21% (21% ^ 1)
F ig .  (5a) shows th e  z e ro  f i e l d  co u p l in g  scheme f o r  the  
ammonia m o lecu le ,  in  which th e  s p in s  o f  th e  hydrogens have been 
in c lu d e d .  The quantum number d e n o t in g  th e  r e s u l t a n t  o f  th e  
c o u p l in g  between J  and 1% i s  F^ _ =■ J  ^ 1 % . L e t us now c o n s id e r  a 
system  composed of m olecu les  in  th e  J  = K - 3 in v e r s io n  s t a t e .
For such m olecu les  F^ ta k e s  on th e  v a lu e s  2 ,  3 ,  and 4 ,  I t  has  
been shown by Gordon t h a t  th e  quadrupo le  co u p l in g  c o n s t a n t ,  
eQq, i s  a p p ro x im a te ly  4 k c / s e c .  h ig h e r  in  th e  lower in v e r s io n  s t a t e  
th a n  in  u p p e r .  The r e s u l t  o f  t h i s  i s  t h a t  AFj_ a  0 t r a n s i t i o n s  
w hich  occur between th e  upper and low er in v e r s io n  s t a t e s  w i th  
J  “ i£ s  3 and w i th  Fj  ^ s  2 ,  3 ,  o r  4 ,  have d i f f e r e n t  f re q u e n c ie s o  
F ig u re  (5c) shows th e  d i f f e r e n c e  in  f r e q u e n c y  t h a t  r e s u l t s  f o r  
th e s e  t r a n s i t i o n s ,  compared to  th e  f re q u e n c y  t h a t  would occur  i f  
th e  quad rupo le  c o u p l in g  c o n s t a n t  were th e  same f o r  b o th  in v e r s io n  
s t a t e s .  The r e l a t i v e  number in  each  s t a t e  i s  a l s o  in d i c a t e d  in  
t h i s  f i g u r e .
I f  th e  ammonia m olecule  i s  p la c e d  in  a r e g io n  o f  h ig h  
e l e c t r i c  f i e l d ,  F^ i s  no lo n g e r  a  good quantum number. In  th e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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f i e l d  a x i s
(a)
- a x i s
J. f i e l d Strong f i e l d
-1
0
1
J]
B efore  p a s s in g  th ro u g h  s t r o n g  
f i e l d .
A f t e r  p a s s in g  th ro u g h  s t ro n g  
f i e l d .
Hi
-1 0 -1 'Ô I
k c . / s e c .  k c . / s e c .
' i g . ( 5 ) .  (a )  Weak f i e l d  c o u p l in g  scheme. (b ) Weak and s t r o n g  f i e l d
e n e rg y  l e v e l s , n e g l e c t i n g  hydrogen s p in s f ^  (c) R e la t i v e  i n t e n s i t i e s  
and freq u en c ie s  of  h y p e r f in e  components, b e fo re  and a f t e r  p a s s in g  
th ro u g h  s t ro n g  f i e l d .
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h ig h  f i e l d  case  J  and Xjf d e c o u p le .  F ig u re  (5b) i n d i c a t e s  which 
low f i e l d  s t a t e s  go t o  w hich h ig h  f i e l d  s t a t e s  d u r in g  an 
a d i a b a t i c  t r a n s i t i o n  betw een th e  two c a s e s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I I
AN AMMONIA BEAM AS A TWO LEVEL SYSTEM
The maser s tu d ie d  was o f  th e  two l e v e l  ty p e .  The 
fo l lo w in g  w i l l  show how a f a v o u ra b le  two l e v e l  sy s tem  can  be
o b ta in e d ,  u s in g  th e  i n v e r s i o n  s t a t e s  o f  ammonia.
S t a t i o n a r y  S t a t e s
C onsider  t h e  two e ig e n fu n c t io n s  and as b a s i s  
e ig e n f u n c t io n s  used  to  form th e  two wave f u n c t io n s  j  and 
w hich d e s c r ib e  t h e  ground and e x c i t e d  s t a t e s  o f  th e  two l e v e l  
system . The H a m il to n ia n ,  H, has  f o r  e ig e n fu n c t io n s  th e  two 
s t a t e s  ÿ  Y and f i j o  The m a tr ix  o f  t h i s  H am ilton ian  may be formed 
between th e  two s t a t e s  L e t :
< 0 R | % I %R> = E I U t )  = Bo ,
which i s  t r u e  b ecause  t h e r e  i s  no p h y s ic a l  r e a so n  fo r  th e  energy
to  depend on w hether  th e  n i t r o g e n  i s  on th e  l e f t  o r  on th e  r i g h t ,  
and
<0R I K | 0 : )  = t H |  Ogf = -A .
.J. A O .f. i .V. '
The s e c u l a r  d e te rm in a n t . -W wA
Eo-Ï
r  O
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
y ie ld s  th e  e ig e n v a lu e s  o f  H !
* 1 ,1 1  = Bo ;  A ,  (8 )
and th e  e ig e n f u n c t io n s :
S ' i . n  ■ ^  < « i ,±  % )  •
The beam c o n s i s t s  o f  a m ix tu re  o f  m olecu les  in  th e  
s t a t e s  Ç J and The wave f u n c t i o n  d e s c r ib in g  th e  beam i s
w r i t t e n :
ÿ  = Cl T I - »  c i i  ' î ' i i  ’
where and /C jjl  ^ a re  th e  p r o b a b i l i t y  a m p l i tu d e s .
An Ammonia Beam In  an E l e c t r i c  F i e l d
I f  an ammonia m olecu le  i s  p la c e d  in  an e l e c t r i c  f i e l d  Ê ,
th e  energy  o f  t h e  m olecule  i s  changed by an amount where K
i a  th e  d ip o le  moment o f  th e  m o lecu le .  Supposing t h a t  th e  e l e c t r i c
f i e l d  i s  p o in t in g  from  r i g h t  to  l e f t ,  th e  m a tr ix  e lem en ts  o f
may be w r i t t e n  between th e  b a se s  to  y i e l d ,
I u p )  =
<^ Ul ) h1 l u ^ )  = Eo ~ uB (10)
<%  = < h l A l  % ) *  = - A ,
w here u i s  th e  magnitude o f  th e  d ip o le  moment in  th e  d i r e c t i o n  o f  
th e  f i e l d , a n d  E i s  th e  magnitude o f  th e  f i e l d *  The s e c u la r  
d e te rm in a n t  becomes
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Eo + u2 «" W “A
—A Eo — uE — W
which y i e l d s  th e  en e rg y  e ig e n v a lu e s  ;
= 0
* 1 ,1 1  -  + / a ^  t ( u S ) 2  %
14
(11)
C orrespond ing  t o  th e  e ig e n fu n c t io n s :
Hence th e  en e rg y  o f  th e  upper s t a t e ,  ^ j j »  i n c r e a s e s  w i th  th e  
sq u a re  o f  th e  e l e c t r i c  f i e l d  w h ile  t h a t  o f  th e  low er s t a t e ,  
d e c r e a s e s .  For e x p e r im e n ta l ly  a c h ie v a b le  f i e l d s  uECfA and E q . ( l l )  
may be expanded t o  g iv e  i
Wy » Eo — A (uE)2
Wr = Eo + A +
2A
(uE)Z
2A
(12)
I f  a beam o f  ammonia m olecu les  i s  passed  th ro u g h  an 
e l e c t r i c  f i e l d  in  w hich E in c r e a s e s  r a d i a l l y  from th e  c e n t r e  o f  
th e  beam, th e  lower s t a t e  m o lecu les  w i l l  move t o  th e  r e g io n  o f  
low es t ene rgy  and be removed from th e  beam. The upper s t a t e  
m olecules w i l l  a l s o  move to  th e  r e g io n  o f  lo w es t  e n e rg y ,  which i s  
a t  th e  c e n t r e  of th e  beam*
The q u a n t i t y  uE can be w r i t t e n  in  te rm s o f  th e  r o t a t i o n a l  
quantum numbers J ,  K and M, where M i s  th e  quantum number f o r  th e  
p r o j e c t i o n  o f  th e  r o t a t i o n a l  a n g u la r  momentum on th e  f i e l d .  The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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d ip o le  moment o f  the  ammonia molecule p o in t s  in  th e  d i r e c t i o n  o f  
th e  m o lecu la r  a x i s .  I f  P i s  th e  a n g u la r  momentum o f  th e  m o lecu le ,
* A
th e  component of th e  d ip o le  moment in  th e  j î p é c t i b h  orP i s  g iven  by 
uK / J ( J + l )  where X and J  have t h e  same d e f i n i t i o n s  &s b e f o r e .  
W r i t in g  th e  ang le  between P and in  term s o f  M and J  th e  e x p re s s io n ^
uE = 1x1)81 M K/j(J + 1 ) ,  (13)
i s  o b ta in e d .  l t f f o l lo : » s - f r o m .E q u a t io n  -(12),. .  t h a t  th e  f o r c e  
e x e r t e d  by an e l e c t r i c  f i e l d  on an ammonia m olecule w i th  a g iv e n  
J  and K, depends on th e  v a lue  of
P assage  o f  an ammonia beam th ro u g h  a s t ro n g  e l e c t r i c  
f i e l d  changes th e  r e l a t i v e  p o p u la t io n s  o f  th e  h y p e r f in e  energy  
s t a t e s  deno ted  by F-, o C onsider  ammonia m olecu les  in  th e  J r 3 
and X = 3 s t a t e . i n i t i a l l y  in  thermodynamic e q u i l ib r iu m .  Tho 
r e l a t i v e  p o p u la t io n s  o f  th e  F ^ -  2 ,  3 and 4 l e v e l s  i s  5 :7 : 9 .  Tfhen 
th e  m o lecu les  e n t e r  th e  f i e l d ,  d e s ig n ed  to  remove th o s e  in  th e  
lower s t a t e  and focus  th o se  i n  th e  upper s t a t e  I^  and J a re  
decoup led  and th e  weak f i e l d  s t a t e s  change t o  s t ro n g  f i e l d  s t a t e s  
as i s  shown in  F ig u re  (5 b ) .  In  th e  s t r o n g  f i e l d  th e  fo rc e  e x e r t e d  
on th e  m olecu les  depends on i f .  Thus th e  r e l a t i v e  number o f  th e  
weak f i e l d  s t a t e s  a f t e r  th e  m olecu les  have been  passed
through a s t ro n g  f i e l d  depends on S.M^. Where th e  summation i s  
c a r r i e d  o u t  over th e  v a lu e s  of M t h a t  a p a r t i c u l a r  F^ ta k e s  on 
when i t  en ters  a s t r o n g  f i e l d *  This y i e l d s  th e  r a t i o  2 :4 5 :3 7  f o r  
t h e  r e l a t i v e  p o p u la t io n s  o f  th e  F^ s t a t e s  when th e y  le a v e  th e  
s t r o n g  f i e l d .  F ig u re  (5c)  shows th e  r e l a t i v e  i n t e n s i t i e s  t h a t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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would be ex p ec ted  f o r  t h e  = 0 t r a n s i t i o n s  a f t e r  p a s s in g  th ro u g h
th e  field. ( 3 )
An hnmonia Beam in  a Time Dependent E l e c t r i c  F i e l d
The system  composed o f  th e  upper and lower i n v e r s io n  
s t a t e  m olecu les  i s  d i s c r i b e d  by th e  wave f u n c t i o n ,
-  Cl 9Pl + C 21 1^22 ^
The m a tr ix  e lem en ts  o f  th e  H am ilton ian  ^ re
I I El I y, _ Eo - ,/D:": :.
-  Eo +
I = u a(t)
The tim e dependent S ch ro ed in g e r  e q u a t io n  y i e l d s  t h e  coup led  
e q u a t i o n s ,
o
i h  Cjx a (So + A) C j j  •+• u B ( t )  Cj
(14)
i h  Cj = (So -  A) Cj -f u E ( t )  Cj
I f  i t  i s  assumed t h a t  E ( t )  = B c o s o J t , uS(t)'^^A and t h a t  th e  t e n a s  
w i th  CO 4-tJo may be d ropped . The above e q u a t io n s  may be solved.. 
t o  . y i e l d  ;
C „  = exp [ i / «  -  § ) t ]  [ « i »  .  b e - i f S t  ]
(15)
Cj = exp l^-i^*^ 4. ( A  +{r") aexp ( - i j R t )
4- (A  -  [R )  exp ( i  [h t)" ]
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wnere
A  :  y  ,
•K 'h
! r  =
T1
The c o n s ta n t s  a and b Q,re s u b je c t  t o  t h e  i n i t i a l  c o n d i t i o n s .
I f  a t  t  = 0 djCo)  s  0 and Cj(O) = 1 , th e n  th e
e q u a t io n s ;
Ctt ( t )  » ( i  cos 0 s in  [r t  + cos {r" t )  exp i  ( W -  ^£.) t
2 "h
C j ( t )  = ( i  s i n  0 s i n  { R t )  exp  ^ (16)
a re  o b ta in e d ,  where cos 8= [R and s in  8= uS/h  f S .  The
p r o b a b i l i t y  f o r  a t r a n s i t i o n  f r o m ï ^ j  to  i s  g iven  b y ,
T ( t )  = I Cj ( t ) j  ^ « s i n 20 s in ^  -TR t  • (17). -1
An Ammonia Beam in  S epara ted  O s c i l l a t i n g  E l e c t r i c  F ie ld s
The t r a n s i t i o n  p r o b a b i l i t y  w i l l  now be c a l c u l a t e d  f o r  an 
ammonia beam w hich p a sse s  i n  s u c c e s s io n  th ro u g h  two tim e dependen t 
e l e c t r i c  f i e l d s  o f  th e  same f re q u e n c y ,  am plitude  and ph ase .  More 
g e n e r a l  s o l u t i o n s  f o r  E q u a t io n s  ( l4 )  a r e ,
C j i ( t o t  T) = ^(icos 0 s in  /RT t  cos /RT)Cpp ( t^ )  d- i s i n  9 s i n  fRT
X e x p ( iù j to )  C^fto)? exp i ( ^ -  S ° )  T
I ( to  +■ T) » ] i s i n  0  s i n  (RT exp  ( -1  W t) C^ f t ^ )  4- ( i c o s  8  s i n  fRT
c o s ,T 5 r )  C i i ( t o ) j e x p - i ^ ^  + T  ^ ( i s )
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These s o lu t i o n s  a re  o b ta in e d  a t  a t i n e  T f o r  th e  m olecu les  e n t e r in g  
th e  f i e l d  a t  a tim e t ^  w i th  and C j ( t ^ ) .  For th e  beam
e n t e r in g  a re g io n  o f  zero  f i e l d  vre hav e ,  u s in g  th e  same i n i t i a l  
c o n d i t io n s ^
? )  = e x p ^ _ i 2 ; i / k ) T ] c _ ; ( t o )
n   ^ (19)
C i( to  + T) = e % p ^ - ia i /h ) T jC ; ( to )  .
I f  th e  beam e n t e r s  th e  f i r s t  f i e l d  a t  t  = 0 ,  w i th  
C%(0) = 0 C l l ( o )  -  1 ,  spends a t im e  T t h e r e ,  th e n  p a sse s  th rough  
a r e g io n  o f  no f i e l d  f o r  a tim e 3T, and f i n a l l y  passe s  th ro u g h  th e  
second f i e l d ,  where i t  spends a tim e T, E q u a t io n s  ( l 6 ) ,  (19) and 
(18/ may be a p p l ie d  in  s u c c e s s io n  t o  y i e l d ,
Ç ^
C^(6T) = - 2 i  s i n  OjYcos 0 s i n à r Ë T  s i n 3 I i T - ( l / 2 )  s in
cos3  A T ) je % p - i^ ^  * (20)
The t r a n s i t i o n  p r o b a b i l i t y  from s t a t e  ^  j j  t o  i s  g iven  by ,
= 4 s i n ^  0 8 in^ l"% T (cos3A T cos ^RT -  cos 0 s i n S A T
s i n  fRT)^ .  (21)
F ig u re  (6) i s  a  p l o t  o f  E quations  (17) and ( 2 l ) .  I t  i s  c a l c u l a t e d
f o r  Î  = ICT^ s e c .  i n  ( 21), and t  = 2 X 10“ ^ s e c .  i n  ( 1?), so t h a t
th e  tim e o f  i n t e r a c t i o n  w i th  th e  f i e l d  i s  th e  same in  bo th  cases*
The p a ram e te r  x S / f i  i s  s e t  a t  30 X 10^ d e g re e s / s e c o n d ,  in  bo th  
c u r v e s .  The cu rves  show th e  v a r i a t i o n  o f  th e  t r a n s i t i o n  p r o b a b i l i t y  
w i th  th e  f re q u e n c y  of the  tim e dependen t f i e l d s .  The s e p a ra te d  
o s c i l l a t i n g  f i e l d s  th u s  produce a much narro w er  l i n e  w id th  than  
does a s i n g l e  long f i e l d .
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The above c a lc u la t io n s  were made assuming a u n ifo rm  
v e l o c i t y  i n  t h e  amrmnla beam. I f  th e  e f f e c t s  o f  th e  v e l o c i t y  
d i s t r i b u t i o n  a re  ta k e n  i n t o  acco u n t th e  w id th s  o f  th e  t r a n s i t i o n  
p r o b a b i l i t y  cu rves  w i l l  be i n c r e a s e d .  The v e l o c i t y  d i s t r i b u t i o n  
w i l l  a l s o  have th e  e f f e c t  o f  re d u c in g  th e  h e ig h ts  o f  th e  wings 
in  th e  t r a n s i t i o n  p r o b a b i l i t y  cu rve  f o r  t h e  s e p a ra te d  o s c i l l a t i n g  
f i e l d s .
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CHAPTER I I I  
THEORY OP TEE AMMONIA MASSR
The in v e r s io n  l e v e l s  in  a beam o f  ammonia m olecu les  con ■ 
bo u t i l i s e d  to  form a h ig h ly  s t a b l e  microwave o s c i l l a t o r  in  the  
fo l lo w in g  way. A beam o f  ammonia m olecu les  i s  formed by e f f u s io n  
from a number o f  sm a ll  p a r a l l e l  t u b e s .  This beam i s  passed  along  
th e  a x i s  o f  a quudrupole  e l e c t r i c  f i e l d .  This f i e l d  has a s t ro n g  
g r a d ie n t  in  th e  r a d i a l  d i r e c t i o n  w hich removes th e  low er s t a t e  
m olecu les  from th e  beam and fo cu ses  th e  upper s t a t e  m o lecu le s ,  
le a v in g  th e  s t a t e  s e le c to r s  th e  m o le c u le s , i n  th e  upper s ta t e *  
e n t e r  a r e s o n a n t c a v i t y  where downward t r a n s i t i o n s ,  to  th e  
lower in v e rs io n  s t a t e ,  a re  in d u c ed . When th e  number o f  m olecu les  
in  th e  upper s t a t e  reac h es  a c e r t a i n  c r i t i c a l  number,, th e  maser 
o s c i l l a t e s .  When t h i s  c r i t i c a l  number i s  exceeded ,  th e  beam alone  
can m a in ta in  a h ig h  enough en ergy  d e n s i ty  i n  th e  c a v i ty  to  
com pensate f o r  power l o s t  th ro u g h  th e  c o u p lin g  h o le s  and in  th e  
c a v i ty  w u llo .
The beam c u r r e n t  n e c e ss a ry  f o r  o s c i l l a t i o n  to  s t a r t  i s
o b ta in e d  by e q u a t in g  th e  e x p re s s io n  f o r  t h e  beam power to  th e  
e x p re s s io n  f o r  th e  power d i s s i p a t e d  in  t h e  c a v i t y .  For a  u n ifo rm  
v e l o c i t y  o f  th e  beam, t h i s  y i e l d s ,
2 -N h C J o lC if t ) ! ' = ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
22
where N i s  th e  number of upper s t a t e  m olecu les  e n t e r in g  th e  f i e l d *  
Y! i s  t h e  energy  s to r e d  in  th e  c a v i t y  and i s  equa l  to  ^ 6  where
V i s  th e  volume o f  th e  c a v i t y ,  and Q i s  th e  c a v i t y  Q.
I f  we s u b s t i t u t e  f o r  th e  t r a n s i t i o n  p r o b a b i l i t y  from E q .Q y )  and 
assume s in T h t  % | h t * th en  we have a t  „ re so n a n c e .
1 /^  = 23 (L/A) (u /v )2  ,
w here L i s  th e  c a v i t y  l e n g t h ,  A i s  i t s  c r o s s - s e c t i o n a l  a r e a  and v 
i s  t h e  v e l o c i t y  1 t h e  beam. Thus we s e e ,  t o  m inim ize th e  s t a r t i n g  
c u r r e n t ,  th e  c a v i t y  shou ld  be lo n g ,  sm a l l  in  c r o s s - s e c t i o n a l  a r e a ,  
and i t  shou ld  have a h ig h  Q.
The f requency  o f  o s c i l l a t i o n  i s  d e term ined  by th e  
r e a c ta n c e  of .he beam and by t h a t  o f  th e  c a v i t y .  I f  an ammonia 
m olecule  e n te r s  a  c a v i ty  o s c i l l a t i n g  a t  a f r e q u e n c y , th e  
m o lecu la r  d ip o le  w i l l  s t a r t  o s c i l l a t i n g  in  phase w ith  th e  f i e l d ,  
and w i l l  c o n tin u e  to  v ib r a t e  a t  i t s  own freq u en cy  t h e r e a f t e r .  By 
th e  t im e th e  m olecu le le a v e s  th e  f i e l d ,  th e  average  phase 
d i f f e r e n c e  betw een th e  two f re q u e n c ie s  w i l l  be ( t ) -  T which
i s  p r o p o r t i o n a l  to  th e  re a c ta n c e  o f th e  beam. The r e a c ta n c e  o f  
th e  c a v i ty  2 Q (w -  W ) / w here c t ^ i s  t h e  n a t u r a l
f r e ^  -ucy o f  th e  c a v i ty .  For resonance  th e  sum o f  th e s e  two 
re a c ta n c e s  must e q u a l  zero, i . e . :
CO % ( do -  cOg ) 4Q/Tcj o
The e x p re s s io n  4Q/TW r e p r e s e n ts  an e f f e c t i v e  Q f o r  th e  m o lecu la r
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o s c i l l a t o r ,  w ith  a  band w id th  o f  1/T c y c le s  p e r seco n d . This 
ro u g h ly  co rre sp o n d s  to  th e  freq u en cy  ran g e  over w hich th e  maser 
can be tu n e d .
I t  i s  shovm in  th e  above d is c u s s io n  t h a t th e  w id th  o f  th e  
ammonia m aser l i n e  can  be d e c re a se d  by in c re a s in g  th e  le n g th  o f  
th e  c a v i ty .  There a r e ,  how ever, p r a c t i c a l  l i m i t a t i o n s  to  th e  
amount th e  le n g th  may be in c re a s e d .  The mode o f  o s c i l l a t i o n  o f 
th e  c a v i ty  m ust be such  t h a t  th e r e  i s  no more th a n  h a l f  a wave­
le n g th  o f  th e  f i e l d  in  th e  d i r e c t i o n  o f th e  beam. T his p re v e n ts  
th e  use  o f s in g le  c a v i t i e s  in  modes o th e r  th a n  and
A ser io u s-d isa d v a n ta g e  o f  long c a v i t i e s  i s  the Doppler
broadening o f  the l in e  which occurs due to  th e d if fe r e n c e  in  tim e
i t  tak es fo r  th e maser power, from d if f e r e n t  p arts o f  the c a v i ty ,
to  reach the coup ling  to  the measuring d e v ic e s .
To overcome th e  d i f f i c u l t i e s  in  re d u c in g  th e  l i n e  w id th
o f  th e  m aser, a c a v i ty  sy stem  s im u la tin g  th e  e f f e c t s  o f  Ramsey 
s e p a ra te d  f i e l d s  was c o n s t r u c t e d . T h e r e  i s  no e x a c t  s o lu t io n  
to  th e  problem  in v o lv in g  th e  p assag e  o f  th e  beam th ro u g h  t h i s  
Ramsey s e p a ra te d  f i e l d  c a v i ty  sy stem . The th e o ry  p re v io u s ly  w orked 
o u t f o r  th e  Ramsey s e p a ra te d  f i e l d s  shou ld  however g iv e  a p p ro x im a te ly  
th e  c o r r e c t  r e s u l t s .  The t r a n s i t i o n  p r o b a b i l i t y  cu rv es  shown in  
F ig .  (6 ) w ere c a lc u la te d  fo r  a  s in g le  r e s o n a n t  freq u en cy  o f  th e  
beam. As was shown in  th e  s e c t io n  on h y p e r f in e  s t r u c tu r e  th e  a c tu a l  
t r a n s i t i o n s  o ccu r betw een h y p e r f in e  en ergy  l e v e l s .  F or J  » 3 
K = 3 AF^ = 0 t r a n s i t i o n s ,  th e  two l i n e s  F% -  3 and 4 ,  a re  t  ü
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most i n t e n s e ,  w h ile  th e  t h i r d  may be n e g l e c t e d .  The two l i n e s  and 
t h e i r  f req u en cy  s e p a r a t io n  a re  shown in  f i g u r e  ( 5 c ) ,  I n  F ig u re  ( s )  
th e  t r a n s i t i o n  p r o b a b i l i t y  cu rves  c a l c u l a t e d  from E quation  (2 1 ) ,  
f o r  each  h y p e r f in e  l i n e  a re  shewn. They a re  w e igh ted  by th e  
r e l a t i v e  p o p u la t io n s  t h a t  would be found as shown in  F ig  5 ( c ) .  The 
am p li tudes  o f  th e  two l i n e s  a re  added t o  show th e  r e s u l t a n t  l i n e  
shape ex p e c te d  when maser a c t io n  occu rs  w i th  b o th  t  . , l i n e s  
p r e s e n t .
20924
IWNIVERSnrY 0 F 1AHNIWSGR U B R a w l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
4—Cf
-- or
—n
-50
TRr^ (%6ITICN PHOBjlBILITY
F i " . { 3 ) .  C urvel i s  th e  t r a n s i t i o n  p r o b a b i l i t y  f o r  th e  3 component 
o f  th e  h y p e r f in e  s t n i a c t u r e .  Curve I I  I s  t h a t  f o r  th e  ^ ^ = 4  component, 
Curve I I I  i s  th e  s u p e r p o s i t i o n  o f  th e  two c o m p o n e n ts .A f  i s  th e  d i f ­
f e re n c e  in  f re q u e n c y  from  t h a t  which would occu r  i f  t h e r e  were no 
hype r f i n e  s t r u c t u r e .
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CHAPTER IV 
APPARATUS
I n t r o d u c t io n
The p h y s ic a l  c o n f ig u r a t i o n  o f  th e  a p p a ra tu s  used i s  sho’/.’a  
in  F ig .  ( 9 ) .  Ammonia from  th e  s to r a g e  ta n k  J ,  was leak ed  th ro u g h  
two v a l v e s .  I ,  to  s o u r c e s ,  S .  The p r e s s u r e  beh ind  th e  so u rces  was 
measured by P i r a n i  g u ag es ,  H. A f te r  e f f u s in g  from  th e  so u rces  tho  
ammonia m olecu les  p a ssed  th ro u g h  th e  s t a t e  s e l e c t o r s ,  D, then  
th ro u g h  th e  c a v i t y  sy stem  A, B, C. O utpu t power from  th e  maser 
passed  th ro u g h  w avegu ide , L» S h u t t e r ,  M, p re v e n te d  th e  beams from  
p a s s in g  th ro u g h  b o th  c a v i t i e s ,  A and B. The e n t i r e  system  o f  
c a v i t i e s ,  fo c u s e rs  , and so u rc e s  was e n c lo se d  by th e  vacuum,sy s tem , 
k ,  w i th  th e  l i q u i d  a i r  t r a p s ,  G and F .  The t r a p s  a re  sem i- 
c y l i n d r i c a l  so t h a t  th e y  p a r t i a l l y  e n c lo se  th e  s t a t e  s e l e c to r s *
The rem a inder  o f  th e  a p p a ra tu s  c o n s i s t s  o f  th e  e l e c t r o n i c s  used 
to  measure th e  f req u en cy  and am p li tu d e  o f  th e  maser s i g n a l .  A 
more d e t a i l e d  d e s c r i p t i o n  o f  th e  v a r io u s  components d e s c r ib e d  above 
s h a l l  now be given*
Sources
The s o u rces  c o n s i s t e d  o f  c i r c u l a r  bundles  o f  f i n e  t u b e s .  
The d ia m e te r  o f  each tu b e  was .06  mm. and th e  le n g th  was .5  mm. 
About 320 such tu b e s  formed a c i r c u l a r  so u rce  of .7  mm. d ia m e te r .
The so u rces  w ere p re p a re d  i n  th e  fo llo w in g  manner, A
27
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bundle o f  number 46 m agnet w ire  was im pregnated  w ith  epoxy r e s i n .
Care was tak en  to  in s u re  t h a t  each  s t r a n d  o f  w ire  was s t r a i g h t  and 
p a r a l l e l  to  th e  a x is  o f  th e  b u n d le . When th e  epoxy .had  h ardened  
th e  bund le  was p la c e d  a lo n g  th e  a x is  o f a c y l in d r i c a l  fo rm  w hich 
was a l s o  f i l l e d  w ith  epoxy. From th e  ro d ,  so form ed, c r o s s - s e c t io n a l  
w afe rs  ab o u t 1 mm. th i c k  w ere c u t .  These a f e r s  w ere p o lis h e d  u n t i l  
th e y  w ere o f  th e  r i g h t  th ic k n e s s  and u n t i l ,  th e  c r o s s - s e c t io n  o f 
each  o f  th e  w ire s  a t  th e  c e n te r  o f th e  bund le  was v i s i b l e  under a 
m ic ro sco p e . The copper was th e n  removed e l e c t r o l y t i c a l l y .  T his 
b u nd le  o f tu b e s  form ed an e f f i c i e n t  so u rce  fo r  th e  ammonia beam.
S ta te  S e le c to r s
The s t a t e  s e l e c to r s  a re  shown in  F ig ,  ( lO ) . They c o n s is t
o f  s t a i n l e s s  s t e e l  ro d s  mounted on t e f l o n  s ta n d s .  They a re  c o n s tru c te d
(&")ac c o rd in g  to  a d e s ig n  f i r s t  used  by H elm er, '  ^ The shape o f  th e  
fo c u se r  i s  su ch , t h a t  i t  i s  n o t  o n ly  h ig h ly  e f f e c t iv e  in  rem oving 
th e  low er in v e rs io n  s t a t e  m o le c u le s , b u t  c o l l im a te s  th e  rem ain ing  
u paer s t a t e  m olecu les as w e l l .
C av ity  System
The c a v i ty  sy stem , shown in  F ig u re  ( ? ) ,  u t i l i s e s  a TE mode 
o f  o s c i l la t io n .  A s im i la r  sy stem  has been  p re v io u s ly  u s e d , '  '  
em ploying a TM mode. The TS system  has th e  advan tage  o f  o f f e r in g  
a  la r g e r  a p p e ra tu re  fo r  th e  beam to  p ass  th ro u g h .
The c a v i ty  sy stem  :. d es ig n ed  in  t h i s  manner a f f e c t s  
th e  m o lecu la r beam in  a manner ano lagous to  Ramsey s e p a ra te d  
o s c i l l a t i n g  f i e l d s .  C a v i t ie s  A and B, w hich produce th e  s e p a ra te d
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f i e l d s ,  a re  t i g h t l y  coup led  to  c a v i ty  C, w hich d e te rm in e s  th e  
freq u en cy  and phase o f  A and B. C a v ity  C, i s  a l s o  lo o s ly  coup led  
to  th e  d e te c t io n  sy stem .
The th r e e  c a v i t i e s  w ere c o n s tru c te d  o f  b r a s s .  The ends 
o f  c a v i ty  C w ere te rm in a te d  by means o f  b ra s s  p l a t e s .  C a v i t ie s ,
A and B, th ro u g h  w hich th e  beam p a s s e d , w ere te rm in a te d  by means 
o f  s h o r t  c y l i n d r i c a l  tu b e s  whose in n e r  d ia m e te rs  w ere sm a lle r  th a n  
t h a t  o f  th e  sm a ll c a v i t i e s .  F or a g iv en  le n g th ,  and th e  modes o f '  
o s c i l l a t i o n  u s e d , th e  re s o n a n t fre q u e n c y  o f  th e  th r e e  c a v i t i e s  
v a r ie d  in v e r s ly  w ith  t h e i r  r a d iu s .  This a llow ed  us to  in c re a s e  
t h e i r  freq u en cy  by p la t in g  copper t o  t h e i r  in n e r  s u r fa c e s  and 
to  d e c re a se  t h e i r  freq u en cy  by p o l i s h in g  t h e i r  in n e r  s u r f a c e .  I t  
was by t h i s  means t h a t  th e  c a v i t i e s  w ere tu n ed  to  th e  d e s ir e d  
r e s o n a n t  f re q u e n c y .
The : re so n an t fre q u e n c y  o f th e  TE^^g c a v i ty  was m easured 
u s in g  th e  a p p a ra tu s  shown in  F ig u re  ( l l ) .  The c o r r e c t  mode o f  
o s c i l l a t i o n  was de te rm in ed  by in s e r t in g  p lu n g e rs  in  th e  ends o f  
th e  c a v i ty  and o b se rv in g  th e  c o rre sp o n d in g  changes in  freq u en cy  
o f  th e  v a r io u s  modes. Once th e  p ro p e r  mode was found  th e  freq u en cy  
was m easured as fo l lo w s .  P a r t  o f  th e  freq u en cy  m odulated  o u tp u t 
o f  th e  k ly s t r o n  was mixed w ith  th e  12 th  harm onic o f a 2000 me. 
r e f e r e n c e .  The I . F .  th u s  o b ta in e d  was p assed  th ro u g h  a narrow  
band r a d a r  r e c e iv e r  whose o u tp u t was fe d  to  th e  Y a x is  of th e  
o s c i l lo s c o p e .  T h is produced  a m arker whose freq u en cy  depended on 
th e  tu n in g  o f  th e  r e c e iv e r .  The r e c e iv e r  was th e n  tu n ed  u n t i l  
th e  m arker c o in c id e d  w ith  th e  r e s o n a n t mode o f  th e  c a v i ty .
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T his e n a b le d  us to  m easure th e  freq u en cy  o f  th e  c a v i ty  to  w ith in  
o 5 me.
To m easure th e  freq u en cy  o f th e  TE^^^ c a v i t i e s ,  a method 
p rop o sed  by R. A l v a r e z w a s  u se d . W ith  t h i s  method a  s l i d e  
screw  tu n e r  and a long  l i n e  c a v i ty ,  c o n s is t in g  o f  tw en ty  f e e t  o f  
w av eg u id e , was p la c e d  betw een th e  c a v i ty  under in v e s t ig a t io n  and 
th e  d e t e c to r .  W ith t h i s  a rrangem en t th e  modes o f o s c i l l a t i o n  o f 
th e  long  l in e  c a v i ty  f a l l  a t  eq u a l freq u en cy  i n t e r v a l s .  However, 
n e a r  th e  re s o n a n t freq u en cy  o f  th e  sm a ll c a v i ty  t h i s  sp ac in g  i s  
changed . The freq u en cy  o f  th e  c a v i ty  i s  d e te rm in ed  by a d ju s t in g  
th e  s l i d e  screw  tu n e r  u n t i l l  th e  sp a c in g s  become sy m m etrica l ab o u t 
a c e n t r a l  mode. The fre q u e n c y  o f  t h i s  mode i s  th e  c a v i ty  fre q u e n c y .
E le c t r o n ic s
The purpose o f  th e  e l e c t r o n i c s  used  in  t h i s  ex p erim en t 
was to  m easure th e  power and th e  fre q u e n c y  o f  th e  m aser s ig n a l s .  
F ig u re  (12 ) I s  a b lo c k  d iag ram  o f  th e  e l e c t r o n ic s  u se d .
The s ig n a l  from  th e  m aser was p a sse d  th ro u g h  a K band 
w avegu ide , th ro u g h  a f e r r i t e  i s o l a t o r  and in to  th e  H arm o f  a 
magic T. T his s ig n a l  i s  mixed w ith  th e  lo c a l  o s c i l l a t o r  s ig n a l  
(23 ,930  m e.) ap p ea rin g  in  th e  E arm , by c r y s t a l s  in  th e  two s id e  
arms* The d i f f e r e n c e  freq u en cy  from  th e  s id e  arms i s  fe d  in to  a 
balanced pro-am plifier. Leaving th e  b a la n c e d  m ixer th e  s ig n a l  iS 
a m p lif ie d  and mixed w ith  a 60 me. s ta n d a rd ,  w hich y ie ld s  th e  
second I . F .  a t  a p p ro x im a te ly  120 k c . T h is s ig n a l  i s  th e n  p assed  
th ro u g h  a narrow  bamd a m p li f ie r  and d iv id e d  in to  two p a r t s .  The
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f i r s t  p a r t  i s  d e te c te d  and fe d  t o  th e  Y a x is  o f  an X-Y p l o t t e r .
The second  p a r t  i s  mixed w ith  th e  s ig n a l  from  a 110 k c . r e f e r e n c e ,  
th e  d i f f e r e n c e  fre q u e n c y  i s  p a sse d  th ro u g h  a freq u en cy  m eter w ith  
a re c o rd e r  o u tp u t ihvi'hjf pocÀiG a  D.C, v o lta g e  p ro p o r t io n a l  to  th e  
in p u t f re q u e n c y . T his v o lta g e  i s  fe d  t o  th e  X a x is  o f  th e  X-Y 
p l o t t e r .  Thus as th e  m aser i s  tu n e d  th ro u g h  i t s  ran g e  o f o s c i l ­
l a t i o n ,  th e  r e c o rd e r  t r a c e s  o u t th e  cu rv e  o f  th e  am p litu d e  o f  i t s  
s ig n a l  a g a in s t  th e  f re q u e n c y .
The p rim ary  freq u en cy  s ta n d a rd  used  in  t h i s  ex p erim en t 
was a 5 mo, te m p e ra tu re  c o n t ro l le d  c r y s t a l  o s c i l l a t o r .  T h is p rim ary  
s ig n a l  was fe d  in to  a d i s t r i b u t i o n  a m p l i f i e r ,  whose o u tp u ts  where 
m u l t ip l ie d  to  y ie ld  th e  n e c e s s a ry  r e fe re n c e  f re q u e n c ie s  f o r  th e  
m ixers and k ly s t ro n  s t a b l i z a t i o n .
The 23930 mo. lo c a l  o s c i l l a t o r  s ig n a l  was o b ta in e d  in  
th e  fo llo w in g  m anner. The s ig n a l  from  an X band k ly s t r o n  o s c i l ­
l a t i n g  a t  11,965 mo. was p a sse d  th ro u g h  a  f e r r i t e  i s o l a t o r  in to  a 
harm onic g e n e r a to r .  The second harm onic (23 ,930  m e.) was p icked  
up by th e  K band sy stem , fe d  th ro u g h  a n o th e r  i s o l a t o r  and then  
w ent to  th e  magic T . P a r t  o f  t h i s  s ig n a l  was removed u s in g  a 
d i r e c t i o n a l  c o u p le r .  This was mixed w ith  th e  1 2 th  harm onic o f  a 
2 ,000 me. r e f e r e n c e .  The I . P .  o f  70 mo. was a m p lif ie d  and fed  
a lo n g  w ith  a  70 mo. r e fe re n o e  s ig n a l  in to  a phase s e n s i t i v e  
d e t e c to r ,  w hich a p p l ie d  a  c o r r e c t io n  v o l ta g e  to  th e  r e f l e c t o r  o f  
th e  k ly s tro n * - .f  x:.-. 1 . / .  c . .
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The Vacuum and Ammonia Supply  Systems
The main vacuum chamber was c o n s tru c te d  o f  s t a i n l e s s  
s t e e l ,  w ith  g la s s  p o r ts  fo r  v iew ing  th e  components i n s id e .  The 
vacuum was a t t a in e d  by means o f  two fo u r  in c h  d i f f u s io n  punps backed 
by a two in c h  pump and a m ech an ica l punp. There w ere l i q u id  a i r  
t r a p s  p la c e d  above th e  two d i f f u s io n  pumps. L iqu id  a i r  t r a p s  a ls o  
p a r t i a l l y  e n c lo se d  th e  s t a t e  s e l e c to r s  to  c a p tu re  th e  low er s t a t e  
m o le c u le s . At l i q u id  a i r  te m p e ra tu re  t h e  v ap o u r p re s s u re  o f 
ammonia i s  c o n s id e ra b ly  l e s s  th a n  10” ® mm. so  th e  l i q u id  a i r  t r a p s  
w ere q u i te  e f f i c i e n t  in  rem oving th e  ammonia m o lecu les from  th e  
sy stem . W ith l i q u id  a i r  in  th e  t r a p s  th e  p re s s u re  in  th e  ta n k  
was 10”^ mm. in  absence of th e  beam s, and i t  was 10"® mm. w ith  
th e  beam s. At t h i s  p re s s u re  th e  mean f r e e  p a th  o f  th e  ammonia 
m o lecu les  was s e v e r a l  m e te rs .
The ammonia was k e p t in  a la rg e  c e l l  o u ts id e  th e  vacuum 
ta n k .  I t  was p u r i f i e d  by d i s t i l l a t i o n  u s in g  l i q u id  a i r .  The c e l l  
p re s s u re  was ap p ro x im a te ly  e q u a l t o  t h a t  o f  th e  a tm o sp h ere . From 
th e  c e l l  ammonia was le a k e d  th ro u g h  c o p r  "cubing to  th e  s o u rc e s .  
The p re s s u re  on th e  h ig h  p re s s u re  s id e  o f th e  so u rc e s  was from  1 
to  10 mm. T his p re s s u re  was m on ito red  by means o f  P i r a n i  guages 
to  e s t im a te  th e  beam f l u x .
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CHAPTÎS V 
EXPERTMMTATIQN AND RESULTS
The th r e e  c a v i t i e s  w ere tu n e d  so t h a t  th e  system  
re s o n a te d  a t  23 ,865  mo, in  a i r .  The fre q u e n c y  o f  c a v i ty  C was 
m easured to  be 2 3 ,8 6 5 ,3  me. w ith  th e  c o u p lin g  h o le s  f o r  c a v i t i e s  
A and B s h o r te d  -  .1 I t  was m easured to  b e , 2 3 ,8 6 4 ,8  me. w ith  o n ly  ' 
c a v i ty  A co u p led  to  i t ,  and 2 3 ,8 6 4 .9  me, w ith  only  c a v i ty  B 
c o u p le d . When th e  sy stem  was p la c e d  in  a vacuum th e  freq u en cy  was 
23 ,874  me. The c a v i ty  system  fre q u e n c y  was th e n  sw ept th ro u g h  
th e  'r e s o n a n t  f re q u e n c y . G rea t « a re  was ta k en  in  assem b ling  th e  
m aser, to  be su re  t h a t  th e  beams p a sse d  down th e  a x is  o f  th e  
sy stem .
The maser was o p e ra te d  w ith  beams e n te r in g  b o th  ends o f 
th e  c a v i ty  sy stem . F ig .  (13) shows th e  e x p e rim e n ta l cu rv es  o b ta in e d  
f o r  d i f f e r e n t  v a lu es  o f  beam p r e s s u r e .  The am p litu d e  i s  p lo t t e d  in  
a r b i t r a r y  u n i t s  and th e  fre q u e n c y  i s  in  k c . / s e c .  The a b s o lu te  
freq u en cy  was n o t  m easured s in c e  we w ere concerned  on ly  w ith  th e  shape 
o f  th e  c u rv e . The o s c i l l a t i o n s  s t a r t e d  when th e  p re s s u re  a t  b o th  
so u rc e s  was 1 .5  mm. th e  f i e l d s  in  th e  c a v i ty  sy stem  reac h ed  s a tu r a ­
t i o n  a t  a  so u rce  p re s s u re  o f 9 mm. T hroughout th e  ex p e rim en t th e  
fo c u s e r  v o lta g e  was k e p t  c o n s ta n t  a t  30 K.V.
F ig .  ( l4 )  cu rv e  ( l )  i s  th e  l i n e  shape n e a r  s a tu r a t io n  w ith  
th e  beam s h u t t e r  open w h ile  curve ( l l ) i s  th e  shape w ith  th e  s h u t te r  
c lo s e d .  The freq u en cy  s h i f t  w hich  occured  as  th e  s h u t te r  was
37
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cpened and c lo se d  i s  a ls o  in d ic a te d  in  th e  F ig u re .  When th e  sy stem  
s t a r t e d  to  o s c i l l a t e  w ith  th e  s h u t t e r  c lo se d  on th e  lew 
fre q u e n c y  s id e ,  th e  freq u en cy  o f  o s c i l l a t i o n  o f  th e  system  w ith  
th e  s h u t t e r  open was ab o u t 70 c y c le s  h ig h e r ,  w hereas on th e  h ig h  
fre q u e n c y  s id e  t h i s  d i f f e r e n c e  in  fre q u e n c y  was o n ly  ab o u t 25 c y c l e s /  
p e r  s e c . ,  th e  t r a n s i t i o n  betw een th e  two ex trem es b e in g  l in e a r*
The e x p e r i iœ n t was re p e a te d  f o r  d i f f e r e n t  v a lu e s  o f  th e  
c o u p lin g  betw een th e  sm a ll c a v i t i e s  and th e  long  one# A ttem pts 
w ere a ls o  made to  im prove th e  tu n in g  o f  th e  th re e  c a v i t i e s .  These 
a t te m p ts ;  d id  n o t  however change th e  r e s u l t s  s ta t e d  above*
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CHAPTER VI 
DISCUSSION
The l i n e  shape o b ta in e d  in  t h i s  exp erim en t (F ig . 13) 
has two maxima s e p a r a te d ,  on th e  a v e ra g e , by 1 ,5  k o . / s e o .  The 
re a so n  f o r  t h i s  shape i s  n o t  d e f i n i t e l y  known, though two 
p la u s ib le  e x p la n a tio n s  may be g iv e n .
F ig u re  (14 ) shows th e  d if f e r e n c e  in  freq u en cy  f o r  th e
m aser l i n e  w ith  th e  s h u t te r s  open and c lo s e d .  A t th e  c e n t r e  o f
th e s e  l i n e s  th e r e  sh o u ld  be no d i f f e r e n c e  in  freq u en cy  f o r  th e  two
c a s e s .  T h is o ccu rs  teecatfisesthè c i v i t y  f a î l l j ig p B Î i ’« « t li* '« b à e n t in
4M;».'eâs© s® CO = and th e re  i s  no dependence
on th e  number o f  m olecu les N. I t  has been shown t h a t  t h i s  fo rm u la
f o r  th e  c a v i ty  p u l l in g  h o ld s  n e a r  s a tu r a t io n  when th e  n a t u r a l
(?)
f re q u e n c y  o f  th e  th r e e  c a v i t i e s  a re  th e  sam e. Thus F ig .  (14) 
in d ic a te s  t h a t  th e  n a t u r a l  f re q u e n c ie s  o f  th e  th r e e  c a v i t i e s  a re  
n o t  th e  sam e. I f  t h i s  i s  th e  ca se  th e n  th e re  must e x i s t  a d i f f e r e n c e  
in  phase in  th e  e l e c t r i c  f i e l d s  o f  c a v i t i e s  A and B when th e  
sy stem  i s  r e s o n a t in g  a t  some fre q u e n c y  W « I t  has been  shown by 
G o r d o n t h a t  i f  th e  m aser i s  o p e ra te d  w ith  a c a v i ty  in  w hich  
th e  mode o f  o s c i l l a t i o n  c o n s i s t s  o f  more th a n  one h a lf-w a v e le n g th  
i n  th e  d i r e c t io n  o f  th e  beam, th e  m aser l i n e  o b serv ed  w i l l  have two 
maxima, one on e i t h e r  s id e  o f  th e  re s o n a n t fre q u e n c y  o f  th e  
ammonia m o lecu le . Such a c a v i ty  g iv e s  r i s e  to  a 180 d eg ree  phase 
s h i f t  in  th e  f i e l d .  Such a  s i t u a t i o n  co u ld  e x i s t  in  th e  c a v i ty
41
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system  u se d , and th e  l i n e  shape o b ta in e d  o o u ld  be due t o  th e  
d i f f e r e n c e  in  phase  o f  th e  c a v i t i e s  A and B«
The o th e r  p o s s ib le  e x p la n a tio n  stem s from  th e  f a c t  t h a t  
J  = 3 K = 3 in v e rs io n  t r a n s i t i o n  o f  ammonia has e s s e n t i a l l y  two 
h y p e r f in e  com ponents, o f n e a r ly  th e  same i n t e n s i t y ,  deno ted  by 
= 3 and 4 ,  F ig .  ( 8 ) ,  w hich  showed th e  s u p e rp o s i t io n  o f  th e  
Ramsey t r a n s i t i o n  p r o b a b i l i t i e s  f o r  th e  two h y p e rf in e  l i n e s ,  was 
c a lc u la te d  u s in g  th e  av erag e  v e l o c i ty  o f  th e  beam. The two peaks ' 
found by such  a  s u p e rp o s i t io n  a re  2*3 k c . a p a r t .  I f  th e  v e lo c i ty  
d i s t r i b u t i o n  w ere ta k e n  in to  a cc o u n t th e  peaks would be found 
somewhat c lo s e r  to g e th e r .  There w ould a ls o  be an e f f e c t  due to  
freq u en cy  p u l l in g  o f  th e  two l i n e s .  P ig .  (12 ) in d ic a te s  t h a t  
th e  peak on th e  h ig h  fre q u e n c y  s id e  o f th e  l i n e  i s  g r e a te r  in  
am p litu d e  th a n  th e  one on th e  low freq u en cy  s id e .  T h is i s  o p p o s ite  
to  w hat i s  e x p ec ted  when th e  r e l a t i v e  i n t e n s i t y  o f  th e  two h y p e r f in e  
l in e s  i s  c o n s id e re d . Thus i t  i s  im p o ss ib le  to  conclude t h a t  th e  
l i n e  shape i s  due to  th e  h y p e r f in e  s t r u c t u r e .  I t  i s  more p ro b ab le  
t h a t  i t  o c c u rs  b ecause  o f  a d i f f e r e n c e  in  phase  between th e  two 
c a v i t i e s .
To in v e s t ig a t e  th e  e x a c t  n a tu re  o f th e  l i n e  shape o b ta in e d  
i t  would be n e c e s s a ry  to  c o n s t r u c t  a c a v i ty  sy stem  in  w hich th e  th r e e  
c a v i t i e s  co u ld  be tu n e d  in d e p e n d a n tly  w h ile  th e  m aser was o s c i l l a t i n g .  
Such a sy stem  w ould be v e ry  d i f f i c u l t  to  c o n s t r u c t  u s in g  th e  IE 
c a v i t i e s ,  due t o  th e  f a c t  t h a t  th e  c u r re n ts  in  th e s e  c a v i t i e s  run  
around th e  c irc u m fe ren c e  of th e  c a v i ty .  In  th e  TM c a v i ty ,  how ever, 
th e  c u r r e n t s  ru n  p a r a l l e l  to  th e  a x is  o f  th e  c a v i ty .  T h is  w ould
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a llo w  th e  c a v i ty  to  be s l i t  a lo n g  i t * s  le n g th  and th u s  be tu n ed  
by  m a n s  o f  sq u eez in g  th e  c a v i ty .  To c o n s t r u c t  such m aser tu n in g ,  
th e  w hole vacuum sy stem  e n c lo s in g  th e  m aser would have had to  be 
re d e s ig n e d .
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